Objectives: To calculate the clavulanic acid exposure of oral amoxicillin/clavulanic acid dosing regimens, to investigate variability using a population pharmacokinetic model and to explore target attainment using Monte Carlo simulations.
Introduction
Clavulanic acid is a b-lactamase inhibitor that is combined with b-lactam antibiotics such as amoxicillin to target b-lactamaseproducing strains. Amoxicillin alone or in combination with clavulanic acid was the most consumed antibacterial agent in primary care in two-thirds of EU/EEA countries in 2012. 1 However, despite its widespread use for 30 years, the pharmacokinetics (PK) of oral clavulanic acid have received little attention.
Several non-compartmental PK studies showed highly variable PK, [2] [3] [4] but it still remains unclear how the variable PK influences the exposure and thereby the efficacy of the drug. It is plausible that activity against b-lactamase-producing strains will not be attained if the exposure to clavulanic acid is inadequate. A population PK model can be used to further investigate variability and exposure in the population. Currently, only one population PK model for oral amoxicillin/clavulanic acid suspension is available in a thesis. 5 The exposure to an antimicrobial of the microorganism in vivo (dependent on dose and PK) and the potency of a drug in vitro (usually expressed as an MIC) determine the antimicrobial efficacy. 6 For antimicrobials, PK/pharmacodynamic (PD) indices, such as area under the concentration-time curve for 0-24 h (AUC 0-24 )/MIC, maximum concentration (C max )/MIC and T .MIC , describe the exposure-response relationships of antimicrobial agents. 6 The PD target is the minimal PK/PD index value that ensures a high probability of successful treatment. 6 However, clavulanic acid has very weak antimicrobial activity when used alone. 7 For b-lactamase inhibitors the time that the free concentration exceeds a threshold concentration (%fT . Ct) and the V C The Author 2017. Published by Oxford University Press on behalf of the British Society for Antimicrobial Chemotherapy. All rights reserved. For Permissions, please email: journals.permissions@oup.com.
total daily dose and fAUC have been described to be important for inhibitory activity. [8] [9] [10] [11] [12] For tazobactam, sulbactam and avibactam, the PK/PD index seems to be %fT . Ct. [8] [9] [10] [11] In contrast, for relebactam (MK-7655), the total daily dose and fAUC were linked to effect. 12 Clavulanic acid is an irreversible suicide inhibitor similar to tazobactam and sulbactam, but has a unique chemical structure and different affinities for b-lactamase enzymes than the other inhibitors. 7 Its PD properties cannot therefore be extrapolated. Owing to the lack of preclinical data, the PK/PD index best describing its activity is currently not known.
The purposes of this study were therefore twofold. The first was to build a population PK model using NONMEM to determine the clavulanic acid exposure and variability of various oral amoxicillin/ clavulanic acid dosing regimens and to investigate whether PK interactions occur between the two agents. 13 A population PK model for oral amoxicillin using the same amoxicillin/clavulanic acid data was previously published by the authors. 14 The second purpose was to explore the variability of clavulanic acid exposure and its effects on target attainment for standard dosing regimens of clavulanic acid (125 mg q12h and 125 mg q8h). Because the PK/PD index and PD target of clavulanic acid are still unknown, both %fT . Ct and fAUC were calculated.
Methods

Study design and population
The study was designed as an open-label, randomized, two-part, crossover investigation of the PK of oral amoxicillin/clavulanic acid. Male volunteers were enrolled in the study if they were aged between 18 and 50 years and in good general health. Exclusion criteria were .20% deviation from ideal weight for height, use of prescribed medication in the 2 weeks prior to the study (antibiotics: 4 weeks), use of any medication during the study without consent, alcohol intake .3 units/day, participation in a trial within 2 months prior to the start of this study, prior hypersensitivity to the trial drug or to drugs with a similar chemical structure, diseases known to interfere with the drug PK, or blood donation of .1500 mL within the previous year.
The study (reference number 25000/360), 15 commissioned by SmithKline Beecham Pharmaceuticals (Harlow, UK), was conducted in 1993 at FOCUS Clinical Drug Development GmbH (Neuss, Germany).
Ethics
The study was conducted in accordance with the Declaration of Helsinki. The study protocol was approved by the Freiburger Ethics Committee (Freiburg, Germany). All volunteers gave written informed consent prior to the study.
Study procedures
The study consisted of two parts. Each part included a separate group of subjects who each received two dosing regimens over 1 day. The order of the dosing regimens was randomized and treatment days were separated by a washout period of 6 or 7 days. In the first part, 16 subjects were allocated to amoxicillin/clavulanic acid 875/125 mg q12h (2 doses) and 500/ 125 mg q8h (3 doses). In the second part, 16 other subjects were assigned to 500/125 mg q12h (2 doses) and 250/125 mg q8h (3 doses). Each dose was provided as a single tablet, amoxicillin as trihydrate and clavulanic acid as potassium clavulanate (Augmentin V R , SmithKline Beecham Pharmaceuticals, Bristol, TN, USA). Doses were administered with 200 mL water at the start of a standard meal. Each meal ($800 kcal and 30% fat content) consisted of four slices of pork, slices of cucumber, 250 g of pasta salad and a half slice of coarse wholemeal bread. Dosing times were 8:00, 16:00 and 24:00 h for the q8h regimens and 8:00 and 20:00 h for the q12h regimens. For the q12h regimens, a second standard meal was provided at 12:00 h. The first dose of each day was administered at 8:00 h after having fasted from food and fluids from 22:00 h the night before.
Blood samples were collected just before administration and after 0.5, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 10 and 12 h (q8h regimens until 8 h). Samples were frozen at #70
C within 1 h of sampling and were assayed within 6 weeks of collection. Clavulanic acid plasma concentrations were determined by Hazleton Laboratories (UK) using an ASTED (Automated Sequential Trace Enrichment of Dialysates) system coupled to an HPLC with UV absorbance detection. The lower limit of quantification was 0.05 mg/L. 15 
PK analysis
Non-compartmental PK analysis of the plasma concentration-time data was performed using WinNonLin (version 7.0, Certara, Princeton, NJ, USA). Population PK analysis was performed using non-linear mixed-effects modelling (NONMEM version 7. First-order, zero-order and Michaelis-Menten absorption models with and without lag time were evaluated in combination with one-and twocompartment distribution models. Between-subject variability (BSV; variability between individual subjects) and between-occasion variability (BOV; variability between the doses in an individual subject) were tested using an exponential variance model. Residual unexplained variability (RUV) was evaluated with a combined (additive and proportional) error model. A stepwise covariate model building was performed with forward addition at P , 0.05 [decrease in the objective function value (OFV) of 3.84 units] followed by backward elimination at P , 0.001 (decrease in the OFV of 10.88 units). Evaluated covariates were body weight, dosing time, amoxicillin dose time and amoxicillin daily dose (dosing time and dose were evaluated as continuous and categorical covariates).
Model selection criteria were decrease in OFV, goodness-of-fit plots and visual predictive checks (VPCs). A decrease in the OFV of 3.84 units was considered statistically significant (P , 0.05) in a nested model. 17 For each VPC, a set of 1000 simulated datasets was created to compare the observed concentrations with the distribution of the simulated concentrations.
The 95% CI of each parameter in the final model was determined from a non-parametric bootstrap analysis, in which the dataset was resampled 1000 times.
Monte Carlo simulations
Monte Carlo simulations were performed using the final model in NONMEM. Two clavulanic acid dosing regimens were evaluated: 125 mg q12h (at 8:00 and 20:00 h) and 125 mg q8h (at 8:00, 16:00 and 24:00 h). Five thousand subjects were simulated for each dosing regimen. For each simulated concentration-time profile, the fAUC 0-24 was calculated as well as the %fT . Ct (the percentage of the dosing period of 24 h that the free clavulanic acid concentration exceeds the threshold concentration Ct) for threshold concentrations of 0.015-64 mg/L. The unbound clavulanic acid concentration was calculated from the total concentration using a fixed value for protein binding of 25%.
18,19
Results
Study population
Thirty-two healthy male volunteers (16 per part) entered the study. After two withdrawals (one because of diarrhoea and one De Velde et al.
due to personal reasons), clavulanic acid plasma concentrations were determined in 30 volunteers (15 per part) who completed both dosing regimens. PK could not be evaluated in one subject in part one owing to very low plasma clavulanic acid and amoxicillin concentrations. The characteristics of the 29 PK evaluable subjects are shown in Table S1 (available as Supplementary data at JAC Online). The average + SD values were: age, 33+7 years; height, 179+6 cm; weight, 78+9 kg; and BMI, 24+2 kg/m 2 .
PK analysis
One hundred and forty-five clavulanic acid concentration-time profiles (5 profiles per subject) with in total 1479 samples were analysed. The concentrations in the q12h regimens with sampling up to 12 h after administration were detectable for at most 8 h.
A summary of the results for the non-compartmental PK analysis is shown in Table 1 . Considering the ranges of C max and area under the concentration-time curve for 0-8 h (AUC 0-8 ), the ratio between the maximum and minimum values is $20 for both parameters (C max 4.35/0.21 and AUC 0-8 8.31/0.44). The individual concentration-time profiles illustrate that this high variability in C max and AUC 0-8 not only exists between the individual subjects but also between the different doses in one dosing regimen in a subject. In 40/58 daily concentration-time profiles, the C max and AUC 0-8 of the first dose were higher than the C max and AUC 0-8 of the second or third dose. A summary of the individual concentration-time profiles is displayed in Figure 1 .
Population PK analysis showed that the clavulanic acid data were best described by a model with a lag time and first-order absorption, one distribution compartment and first-order elimination. A second distribution compartment did not further improve the model. Implementation of BSV was significant for volume of distribution (V), clearance (CL) and first-order absorption rate constant (K a ). Implementation of BOV was significant for bioavailability (F) and K a . BSV for F and lag time and BOV for V, CL and lag time were not significant and were therefore not implemented.
The covariate analysis resulted in two significant covariates: dosing time (8:00, 16:00, 20:00, 24:00 h) was proportionally correlated with F and K a . The effect of dosing time was further studied by implementation of a cosine function. 20 Replacing the covariate dosing time with cosine functions on K a and F did not improve the model and therefore the proportional effects of dosing time on K a and F were implemented in the model. For example, at dosing time 8:00 h, the population value of K a was 3.99 h #1 (fixed proportional effect of 1) and at 16:00 h the population value was 3.60 h #1 (estimated proportional effect of 0.903). A model with combined dosing times of 20:00 and 24:00 h was also tested because the proportional effects on K a and F looked similar at these dosing times, but this combination did not improve the model further and was therefore not implemented.
The population PK parameter estimates of the final model are displayed in Table 2 . Since no data with intravenous administration were collected in this study, F could not be quantified and was fixed at 1. Consequently, V/F and CL/F values are displayed instead of V and CL values.
As shown in Table 2 , the model-based parameter estimates were similar to the values computed from the bootstrap analysis, indicating the stability of the model. The goodness-of-fit plots in Figure 2 and Figure S1 show that the model adequately described the observed concentrations. The VPC plots, presented in Figure S2 , indicate a good predictive performance.
Monte Carlo simulations
The results of the simulations with 125 mg q12h and 125 mg q8h are presented in Table 3 (fAUC 0-24 ) and Figure 3 (%fT . Ct). 
Discussion
Our non-compartmental PK analysis showed that clavulanic acid C max and AUC 0-8 in healthy volunteers were highly variable, whereas half-life (t1 =2 ) had a limited variability. In two-thirds of the subjects, the C max and AUC 0-8 of the morning dose were higher than later doses. Our population PK model indicated that K a was the most variable parameter. K a and F were estimated to be higher in the morning than in the afternoon and evening. Similar to the present study, other non-compartmental PK studies with oral clavulanic acid demonstrated a more variable C max and AUC than t1 =2.
2-4 A population PK model for oral amoxicillin/ clavulanic suspension 5 also included a high BSV and BOV of absorption parameters rather than of V and CL. Another study in 10 volunteers who received a single oral and a single intravenous dose of clavulanic acid also found a wide F range (31.4%-98.8%). 2 In our population PK model, we could explain part of the observed variability by the effect of dosing time on K a and F. To our knowledge, time-varying absorption and F of oral clavulanic acid has not previously been described. For two other b-lactams, meropenem and ceftazidime, it has been shown that morning concentrations were higher than afternoon concentrations. [21] [22] [23] However, since those antibiotics were both given intravenously, the varying concentrations were explained by renal CL variation rather than absorption differences as in our study. Our finding of the inversely proportional effect of dosing time on K a may be caused by non-linear processes, such as saturation of K a . However, this seems to be unlikely since implementation of Michaelis-Menten absorption did not improve the model. Unfortunately, it is impossible to predict the results for second and later dosing days, because our data only included dosing regimens of 24 h. Differences in meal composition can be excluded as a reason for variation in K a and F, because each dose was taken at the start of a standardized meal that was the same for each meal during the day. Administration without food does not eliminate the variable PK, since fasting studies with oral clavulanic acid also showed a high variation in C max and AUC. 2, 4 In a chronopharmacokinetic study with oral midazolam, 20 the daily variation in K a was described by a time-varying covariate and F was parameterized as a cosine function. The K a and F differences were explained by 24 h variation in gastric emptying, gastrointestinal mobility and De Velde et al.
splanchnic blood flow, 20 which may be the most reliable explanation for the findings in our study as well. Possible clinical implications of time-varying K a and F for dosing regimens, such as higher afternoon and evening doses than morning doses, should be further studied.
The results of our non-compartmental analysis seem to suggest that the amoxicillin dose influences the clavulanic acid PK. However, we tested several covariate types of amoxicillin dose (e.g. dose time, daily dose, categorical covariate, continuous covariate) during the modelling process and none was significant. The literature is not conclusive about the effect of amoxicillin on clavulanic acid PK. It has been reported that the C max and AUC of oral clavulanic acid in the presence of amoxicillin were higher than those of clavulanic acid alone and that the AUC ratio of amoxicillin/ clavulanic acid was lower (2.55) than expected (500/125"4). 24 These findings suggest an interaction between the absorption of amoxicillin and clavulanic acid. However, these AUC ratios differ enormously between studies. For oral 500/125 mg, the AUC ratios in our study were 3.4 (500/125 mg q12h) and 3.9 (500/125 mg q8h) whereas other studies found ratios of 2.0 25 and 4.3. 4 We found an AUC ratio of 2.1 for oral 250/125 mg which was the same as the ratio found by another study. 4 However, a third study found a ratio of 1.4. 26 The AUC ratios for oral 875/125 mg were 5.3 (our study) and 5.7. 4 It is possible that the saturable absorption rate of amoxicillin influences the AUC ratio.
14 However, for intravenous amoxicillin/clavulanic acid too, the AUC ratios were not as expected: 2.8 (500/100 mg), 27 2.7 (1000/200 mg), 27 3.2 (500/100 mg), 25 7.1 (625/125 mg) 2 and 6.5 (2000/200 mg). 27 These findings indicate that factors other than absorption also influence the interaction between the two drugs. Although we were not able to find a significant effect of the amoxicillin dose on clavulanic acid PK, the influence of the interaction between both compounds is not yet clear. The EMA guideline on the use of PK/PD in the development of antimicrobials recommends studying the PK interaction of b-lactams and b-lactam inhibitors. 13 Future research should elucidate the influence of amoxicillin on clavulanic acid PK.
Similar to a study with oral amoxicillin/clavulanic acid suspension in healthy volunteers, 5 the BSV and BOV magnitude of the absorption parameter was comparable. We hypothesize that in a patient population the BSV will be higher than the BOV. Owing to highly variable clavulanic acid concentrations, the risk of ineffectiveness (with too-low concentrations) and adverse events (with too-high concentrations) should be considered.
When the PD target is known, dosing regimens can be optimized to attain a high probability of successful treatment. However, it is still unknown which PK/PD index and PD target should be taken into account for clavulanic acid. Since clavulanic acid has a structure that is unique among b-lactamase inhibitors, 7 it is difficult to extrapolate a PK/PD index from another inhibitor. The different chemical structures possibly explain the differences in enzyme activities of these inhibitors. 7 The b-lactamase inhibitors avibactam and relebactam are diazabicyclooctane derivatives that do not have any structural similarity to b-lactams. 28 These two compounds have different PD properties, although they are both from the same group. Avibactam activity is primarily dependent on %fT . Ct 10,11 and relebactam activity on fAUC.
12
Since the PD target for clavulanic acid is unclear, optimization of treatment by ensuring a high probability of attainment is not feasible. However, we do present simulations and attainment for different targets and these will be useful once the PD target of clavulanic acid becomes available. Current EUCAST guidelines use a fixed clavulanic acid concentration of 2 mg/L for susceptibility testing purposes. 29 Our Monte Carlo simulations show that with 125 mg q12h or q8h half of the population attains concentrations of 2 mg/L and the average %fT . Ct is only 2%-3%. Similarly, assuming an fAUC 0-18 of 36 mgÁh/L in vitro (based on the same 2 mg/L concentration and an incubation time of 18 h), the probability of target attainment is 0% with 125 mg q12h or q8h. However, the in vivo effect of clavulanic acid is thereby far underestimated. Ultimately, the susceptibility in vitro has to be correlated to efficacy in vivo and there is at present-in contrast to antimicrobials-no clear consensus for inhibitors. For example, the EUCAST fixed concentration for tazobactam is 4 mg/L, 29 which is much higher than the PD target %fT . Ct at A limitation of this study is that only a few covariates were available and, unfortunately, creatinine data were lacking. This prohibited an analysis of the impact of renal function on clavulanic acid exposure. However, the participants were healthy volunteers with normal renal function and a clear relationship would likely not have been found in this population. Since oral amoxicillin/clavulanic acid is mostly prescribed to patients with only relatively mild infections and normal renal function, the results of our study can therefore be extrapolated to such patients. Second, it was not possible to evaluate different clavulanic acid doses in the population PK analysis, because only one dose of clavulanic acid (125 mg) was included in this study. However, 125 mg is the dose most generally used for oral dosing. This study included three different tablets and four dosing regimens for amoxicillin/clavulanic acid. It is impossible to extrapolate these results to other oral formulations [e.g. the extended release (XR) tablet or the suspension]. However, because the clavulanic acid formulation and the dosing frequency of the XR tablet are the same as used in our study, we expect that the timing problem may also exist with the XR tablet. A third limitation is that our data only included dosing regimens of 24 h, which makes it impossible to predict the results for second and later dosing days.
In conclusion, clavulanic acid concentrations in healthy volunteers are highly variable after oral administration. F and K a decrease over the course of the day. The consequences of the variable concentrations for underdosing and adverse events should be further studied for multiple-day dosing and dosing regimens should be optimized. Studies on the PK/PD index and PD target are needed.
